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Abstract
Air curtains are installed in open doorways of a building to reduce buoyancy-driven exchange flows across the
doorway. Although an air curtain allows an unhampered passage of humans and vehicles, the interaction of this traffic
with an air curtain is not well understood. We study this problem by conducting small-scale waterbath experiments
with fresh water and salt water solutions. As a model of human passage, a vertical cylinder is pulled through a
planar jet representing an air curtain and separating two zones at different densities. For a fixed travel distance of the
cylinder before and after the air curtain, the average infiltration flux of dense fluid in light fluid side increases with
increasing cylinder velocity. However, we find that the infiltration flux is independent of density difference across
the doorway and the travel direction of the cylinder. As a consequence, the sealing effectiveness of an air curtain
reduces with an increasing cylinder speed and this reduction is independent of the direction of the buoyancy-driven
flow. Dye visualisations of the air curtain and the cylinder wake are used to examine the re-establishment process of
the air curtain after its disruption by the cylinder. We observe that the re-establishment time of the air curtain and the
infiltration in the cylinder wake increases with an increasing cylinder speed.
Keywords:
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1. Introduction
Buoyancy-driven exchange flows across an open
doorway between two zones at different temperatures
result in unnecessary heat losses and transport of par-
ticulate substances, which can have detrimental effects
in many settings such as in industrial manufacturing
processes as well as in laboratory or hospital clean
rooms. Air curtains are commonly used to minimise
these buoyancy-driven exchange flows and to reduce the
spread of unwanted agents. A major advantage of an
curtain overmechanical installations, such as vestibules,
sliding doors or strip curtains, is that it allows an unhin-
dered passage of human and vehicular traffic through
the doorway. However, the interaction of the air curtain
with a moving object such as a person walking across
the doorway and through the air curtain is not well un-
derstood. In particular, a moving object is accompanied
by a wake that entrains and mixes ambient fluid and thus
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contributes to the contaminant transport across the door-
way. In the companion paper “Part I - uniform ambient
temperature [13], we considered the situation when a
personwalks through the doorway between two sections
of a corridor at the same temperature and, therefore, at
the same density, and thus transports contaminants be-
tween two zones in their wake. We studied how the air
curtain can be used in that scenario to reduce the con-
taminant transport. In this present second part of our
study, we investigate the situation when a density differ-
ence is additionally present across the doorway driving
a buoyancy-driven exchange flow and, as before, a per-
son walks across the doorway and through the air cur-
tain.
The simplest configuration of an air curtain is a down-
ward blown planar air jet which is produced by a cen-
trifugal fan mounted in a manifold above the doorway.
Fundamental features of turbulent jets are well under-
stood [17], however their usage as an air curtain is still
under investigation because of the further complication
of wall impingement [14] and different densities on ei-
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ther side of the jet. According to Hayes and Stoecker
[10, 11], the key parameter to decide the performance
and stability of an air curtain is the deflection modu-
lus Dm defined as the ratio of the jet momentum flux
and the pressure difference due to buoyancy difference
across the doorway,
Dm =
ρ0b0u
2
0
gH2 (ρd − ρl)
=
(ρ0Q
2
0
/b0)
gH2 (ρd − ρl)
=
Q2
0
gb0H2
(
T0
Td
− T0
Tl
) .
(1)
Here, u0, ρ0, T0 and Q0 are the discharge velocity, den-
sity, temperature (in Kelvin) and volumetric discharge
per unit nozzle length of the air curtain jet at the mani-
fold exit, respectively. The nozzle width is denoted by
b0, the door height by H and g is the acceleration due to
the gravity. For a doorway between two zones at differ-
ent temperatures the subscripts d and l are used to de-
note the properties of the dense (cold) and light (warm)
air, respectively. From the value of Dm, it can be deter-
mined whether the air curtain is stable (for Dm ' 0.15)
or not (for Dm / 0.15), i.e. whether the air curtain
reaches the floor and impinges on it [4].
The performance of an air curtain is usually quan-
tified by the sealing effectiveness E, which is defined
as the ratio of the fraction of the flow prevented by the
air curtain compared to the flow through an unprotected
doorway,
E =
q − qac
q
, (2)
where qac and q are the exchange flows through the
doorway with and without the air curtain, respectively.
The effectiveness E first increases with Dm due to the
disruption of the organised buoyancy-driven flow by
the curtain until a maximum value of E is reached.
With a further increase in Dm, E decreases. Under op-
timal operating conditions, an air curtain can reduce
the buoyancy-driven exchange flow by about 80% com-
pared to an open doorway situation.
Examining the flow at high Dm, Guyonnaud et al. [8]
highlighted the importance of shear layer eddies in the
jet and the jet impingement on the floor on the effective-
ness E. Sire´n [19, 20] presented methods for dimen-
sioning an air curtain using momentum and moment-
of-momentum balance principles. He also determined
the minimum momentum required for the air curtain
to reach the opposite side of the doorway, both in the
presence and absence of a wind. Sire´n [20] focused
on the thermal behavior of the air curtain deriving the
expression for the thermal loss and comparing it with
empirical results. Full-scale experiments have been per-
formed by Howell and Shibata [12] and Foster et al. [2],
which showed satisfactory agreement with the theoreti-
cal predictions of Hayes and Stoecker [10]. Numerical
simulations [1, 3, 7], a semi-analytical model [6] and
laboratory-scale studies in water [4, 5] are all in satis-
factory agreement with full-scale tests on an air curtain
in an otherwise sealed building.
Frank and Linden [4] studied the effect of an addi-
tional ventilation pathway, such as an open window, on
the effectiveness of an air curtain and modelled the ob-
served change of performance of the air curtain caused
by the resulting change in the neutral level. Further,
Frank and Linden [5] investigated a heated air curtain
and observed the reduced stability, effectiveness and en-
ergy efficiency of the curtain associated with the oppos-
ing buoyancy force. Additionally, wind and pressurised
chambers provide external forcing to the air curtain and
can destabilise it causing severe oscillations [9, 18]. Qi
et al. [16] studied the effect of a human presence below
an air curtain (but not the the process of a person walk-
ing through the air curtain) and they observed that the
person had either no influence or reduced the infiltra-
tion due to the additional blockage of the doorway. The
interaction between the wake of a moving person and
an air curtain installed in the doorway separating two
zones at different densities has not been studied and is
the motivation for the present work.
We conducted laboratory waterbath experiments to
investigate the interaction of a moving person, mod-
elled as a cylinder, with the air curtain, that separates
two zones at different densities in a corridor. The pa-
per is structured as follows. In section 2, we describe
the experiments and the techniques used for flow visual-
ization and measurements of the contaminant transport.
The experimental results are presented in section 3. In
section 3.1, we quantify the infiltration volume Vi from
one section to the other when a person moves through
the air curtain in the doorway along a fixed travel dis-
tance. We examine different travel velocities, density
differences across the doorway and directions of travel.
In section 3.2 we discuss the correct definition of the air
curtain effectiveness in the present scenario and, subse-
quently, examine how effective an air curtain is in sec-
tion 3.3. In section 3.4 we briefly establish a connection
between the experiments reported in Part I [13] and the
present experiments. Dye visualizations of the air cur-
tain jet and the infiltration wake are described in section
3.5. Finally, in section 4 we summarise our conclusions,
provide an overview of how the present study can be
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helpful for a better design of an air curtain, and discuss
strategies for the reduction of the traffic effects on the
air curtain effectiveness in practical conditions.
2. Experimental methods
Experimental measurements and methods are ex-
plained in detail in the companion paper hereafter re-
ferred to as Part I [13]. We briefly summarise here the
main components of the experimental setup and some
additional features of the present set of experiments in
which there is a horizontal density difference across the
doorway.
A schematic of the experimental setup is shown in
figure 1: a long rectangular channel (of width W and
length 2L) was divided in two equal sections by a verti-
cal gate, which represented a doorway in a corridor. One
side of the tank was filled with fresh water of density ρl
and the other side with salt water of density ρd > ρl,
creating a horizontal density difference ∆ρ = ρd − ρl.
The density ratio ρl/ρd was kept in the range 0.96− 1 to
maintain the validity of the Boussinesq approximation.
Details of the cylinder passage to represent a moving
person, the dye visualisation methods and the air curtain
device (ACD) are described in Part I. For the present set
of experiments, the ACD was supplied with fresh water
of density ρ0, so that here ρ0 = ρl < ρd. The cylin-
der was pulled between two fixed points (the midpoints
of both sides) both from the salt water side to the fresh
water side of the tank and vice versa. This arrangement
models the situation of a person entering or leaving a
warm building through a warm air curtain from or to a
cold outside environment. Table 1 summarises parame-
ters that we used for the present set of experiments.
The experimental procedure was similar to experi-
ments E6 – E15 in Part I. One side of the tank was ini-
tially filled with salt water of density ρd up to the height
of H = 210mm and the other side with fresh water of
density ρl to a slightly lower level of 205mm. The ACD
was located in the fresh water side was switched on and,
once the jet flow was steady and the water level in both
sides equilibrated, the vertical gate was opened. The
blue dye port to track the air curtain was switched on
and the time measurement started. For Series A (see ta-
ble 1) no cylinder motion took place, for Series B, C, D,
the cylinder was set into motion at a constant velocity
Uc, and the red dye was injected to visualise the cylin-
der wake. For Series A, we finished the experiment after
approximately t = 10 s. For the other Series, the exper-
iment ended when the cylinder reached the midpoint of
the opposite side after passing through the air curtain.
The vertical gate was then closed, and the air curtain as
well as both dye ports were switched off. The total dura-
tion time t of an experiments (in the order of magnitude
of 10 s) was measured using a stop watch to a precision
of 0.1 s. After the gate was closed, the water in both sec-
tions was mixed and the new densities ρln and ρdn were
then measured.
We investigated both directions of travel for the cylin-
der: from the dense, (equivalently cooler) salt water side
(ρd) to the lighter, (equivalently warmer) fresh water
side (ρl) and vice versa. We varied the value of the de-
flection modulus Dm by changing the density ρd from
1002−1041 kgm−3.
Using the mass conservation for the light fluid side
(considering ρ0 = ρl) of the tank and assuming zero net
flow across the doorway, the infiltration volume Vi of
dense fluid into the light fluid side during an experimen-
tal runwas calculated from themeasured initial and final
densities as
Vi = (Vl + βq0t)
(ρln − ρl)
(ρd − ρl)
. (3)
Here, q0 is the total source volume flux (in mm
3 s−1) of
the air curtain and Vl is the initial volume of the light
fluid half of the tank. As explained in Part I, β denotes
the fraction of the air curtain volume flux that spilled
into the light fluid compartment and was set to β = 0.5
without introducing a measurement error of more than
3%.
As in Part I, we calculate the average exchange flux
during an experimental run as
qac =
Vi
t
, (4)
where Vi is given in (3) and t is the measured duration of
the experiment. We recall from Part I that the the total
infiltration flux qac can be decomposed as
qac = qac,m + qac,cyl, (5)
where qac,m is the exchange flux caused by the mixing
process within the air curtain and qac,cyl is the infiltra-
tion flux due to the interaction of the air curtain with the
wake of the cylinder. In absence of a moving cylinder
in Series A, qac = qac,m.
As explained in Part I the experimental parameters
were chosen to provide dynamical similarity with a per-
son walking through a doorway at full scale. We recall
from Part I that we use the non-dimensional cylinder
speed U∗ ≡ Uc/wm. The mean velocity of the air cur-
tain front is wm ≡ H/t fw, where t fw is the time needed
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Figure 1: Schematic showing the experimental setup. Experiments were conducted in a long rectangular channel, each half of which was filled
with dense and light fluid of density ρd and ρl, respectively. Fluid of density ρ0 was supplied to the air curtain device (ACD) from a constant head
tank. A vertical gate was installed beside the curtain to separate the fluid when the air curtain device was switched off. The cylinder was driven by
a motor, connected by a flexible thread and a system of pulleys. A dye port injecting red dye was attached to the cylinder to track the wake and the
infiltration. Blue coloured dye was injected at the nozzle exit to visualise the air curtain.
Series ρd ρl ρ0 Q0 Dm t fw wm = H/t fw Uc U
∗
kgm−3 kgm−3 kgm−3 mm2 s−1 s mm s−1 mms−1
Series A 1002 – 1041 998 998 425 0.05-1.2 0.525 400 0 0
Series B 1002 – 1041 998 998 425 0.05-1.2 0.525 400 89 0.22
Series C 1002 – 1041 998 998 425 0.05-1.2 0.525 400 135 0.34
Series D 1002 – 1041 998 998 425 0.05-1.2 0.525 400 174 0.43
Table 1: The experimental conditions and parameter values used in experiments. Here, t f w is the time taken by the curtain to reach the bottom of
the tank z/H = 0 from the cylinder height z = l in a quiescent environment of the same density, H is the height of the curtain from base of the tank,
ρl and ρd are the densities of the fluid in the dense and light side of the tank, respectively.
by an establishing air curtain to reach the tank bottom
z/H = 0 from the cylinder top height z = l, with z being
the vertical coordinate. We varied the cylinder speed
from 89mm s−1 to 174mm s−1, which results in values
ofU∗ from 0.22 to 0.43. At full scale, walking at a mod-
erate pace of 1m s−1 = 3.6 km h−1 through a typical air
curtain with the speed wm ∼ 2m s−1, gives U∗ ∼ 0.5.
3. Results
3.1. Infiltration volume and flux measurements
Figure 2 shows the measured infiltration volume Vi
for experiments of Series B, Series C and Series D. Fig-
ure 2a plots the data for the travel direction of the cylin-
der from the dense fluid half to the light fluid half and
figure 2b for the opposite direction against Dm. Since
we change Dm by varying ρd, the data are effectively
plotted against a (reciprocal value of a) varying hor-
izontal density difference ∆ρ. As in Part I, we non-
dimensionalise Vi by the swept volume of the cylinder
Vc = ldL = ldUct, where l is the cylinder height, d its
diameter and L the travel distance or half the total length
of the experimental tank. Note that
Vi
Vs
=
Vi
ldUct
=
qac
ldUc
. (6)
We observe that once the air curtain is stable (for
Dm ' 0.2), the infiltration volume Vi/Vs = qac/(ldUc)
rises slightly with U∗ (and hence Uc for a fixed air cur-
tain strength). This is similar to our observation in Part
I that for low cylinder speeds U∗ the infiltration volume
increases slightly with the cylinder speed. Furthermore,
Vi/Vs = qac/(ldUc) does not depend on the horizontal
density stratification across the air curtain and remains
constant for varying Dm. Moreover, the travel direction
of the cylinder also appears to be irrelevant and we mea-
sure same values of Vi/Vs = qac/(ldUc) for both travel
directions. As a consequence of Vi/Vs = qac/(ldUc) be-
ing independent of Dm, and since
qac = qac,m + qac,cyl, (7)
we note that qac,cyl due to the cylinder wake is also in-
dependent of the horizontal density stratification. This
4
Figure 2: The non-dimensionalised infiltration volume and infiltration flux Vi/Vs = Vi/(ldUct) = qac/(ldUc) for an operating air curtain for
different cylinder speeds U∗ as a function of the non-dimensional horizontal density difference. The direction of the cylinder motion is in (a) from
ρd to ρl and in (b) vice versa. The data for the cases of no horizontal difference (solid lines) have been interpolated from the experimental data
measured in Part I.
is because once the air curtain is stable, the flux due to
the mixing by the air curtain qac,m is independent of the
density difference.
The infiltration volume Vi/Vs = qac/(ldUc) being in-
dependent of Dm and the travel direction of the cylin-
der is a remarkable observation. We explain this phe-
nomenon by noting that although the moving cylinder
disrupts the air curtain, the wake behind the cylinder is
still a turbulent flow field. We expect this turbulence
in the cylinder wake to inhibit and destroy the directed
buoyancy-driven current – similar to how the air curtain
itself prevents the buoyancy-driven flow in the absence
of a moving cylinder. We will confirm this later using
dye visualisation (figure 8), where we observed a no-
ticeable effect of the cylinder passage but little evidence
of any buoyancy-driven exchange flow.
3.2. Air curtain effectiveness
The air curtain effectiveness is defined as the fraction
of the flow prevented by the air curtain compared to the
open-door situation (2), where q is the buoyancy-driven
flux. Conventionally, q is calculated using the theoreti-
cal expression, also known as the orifice equation
q =
1
3
CdA
√
g′H, (8)
where A is the area and H is the height of the opening,
respectively. The experimentally measured discharge
coefficient is Cd ≈ 0.6 for sharp-edged openings [15].
In Part I we studied the situation when the air curtain
is installed between two zones with the ambient fluid
at the same density and, in the absence of an air cur-
tain, the exchange flow is solely due to the wake of a
moving person, modelled as a moving cylinder in our
small-scale experiments. There, we defined the air cur-
tain effectiveness as
Ec =
qcyl − qac
qcyl
= 1 − qac
qcyl
, (9)
where qcyl is the exchange flux associated with the wake
of the moving cylinder.
In our present experiments we have both contribu-
tions to the exchange in the absence of an air cur-
tain: buoyancy-driven flow due to the horizontal den-
sity across the doorway and the exchange flow due to
the wake of a moving cylinder. Hence, the question
arises whether (2) or (9) would be more appropriate to
calculate the air curtain effectiveness in this combined
situation.
√g’
q/
q 0
0.1 0.2 0.3 0.4
0
5
10
15
20
Theoretical q in absense of curtain
Measured qcyl for Uc= 8.9 cm/s
Measured qcyl for Uc= 13.5 cm/s
Measured qcyl for Uc= 17.4 cm/s
Figure 3: Comparison of the buoyancy-driven exchange flow rate q for
the range of ∆ρ used in our experiments and the infiltration flow rate
qcyl due to the moving cylinder for the range ofU
∗ in our experiments.
The theoretical line for q was calculated using (8). The horizontal
lines show the experimentally measured qcyl values for ∆ρ = 0 in Part
I. We expand these values as lines across a range of g′ for an easier
visual comparison between qcyl and q. q0 is the volumetric flow rate
of the curtain.
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Figure 3 shows the comparison between the theoret-
ically calculated buoyancy-driven exchange flux using
(8) for the range of ∆ρ in our experiments and the mea-
sured qcyl (see Part I) for different Uc for the unpro-
tected doorway. For the present opening configuration,
we used Cd ≈ 0.55 ± 0.03 in the orifice equation (8),
see Appendix A. In figure 3, we observe that for our
set of parameters, the infiltration flux due to the density
difference in the absence of an air curtain dominates the
infiltration flux due to the cylinder wake. Thus, we con-
clude that the air curtain effectiveness should be based
on the buoyancy-driven exchange flux and the formula
(2) should be used.
3.3. Effectiveness measurements
The variation of the air curtain effectiveness E with
the deflection modulus for different cylinder speeds is
shown in figures 4a and 4b for the transits from the
dense to the light fluid side and vice versa, respectively.
Recalling (2), the effectiveness is
E = 1 − qac
q
= 1 −
(
qac,m + qac,cyl
)
q
, (10)
where we use the decomposition (5).
For case of the air curtain operating without the cylin-
der transit in Series A, qac,cyl = 0, the effectiveness
E first increases with the deflection modulus until it
reaches a maximum value of about 0.8 at Dm ∼ 0.2, and
then decreases slowly with further increase in Dm. This
value of maximum effectiveness and the dependence on
Dm is similar to the values measured previously at a
doorway between two rooms by Frank and Linden [4]
and others. This similarity between the present case of
a doorway in corridor and doorways between (wider)
rooms suggests that the exchange across the doorway
is not sensitive to the room configurations and is deter-
mined locally at the doorway itself. At the maximum
effectiveness, the curtain is stable and impinges on the
floor. As mentioned previously, with further increase
in Dm, the effectiveness E reduces because of the en-
hanced mixing between two compartments due to the
jet entrainment and impingement at the bottom, i.e., an
increasing qac,m.
The dependence of the effectiveness E on Dm is
shown in figure 4 for different values of the dimension-
less cylinder speeds U∗ ≡ Uc/wm. There is no observ-
able difference between the air curtain effectiveness in
figure 4a and in figure 4b for opposite directions of the
cylinder travel. This is the reflection of the fact that the
infiltration volume Vi and the infiltration flux qac do not
(a)
(b)
Figure 4: Air curtain effectiveness E as a function of the deflec-
tion modulus Dm for different dimensionless cylinder speeds U
∗ ≡
Uc/wm: (4a) the cylinder moves from the dense fluid to the light fluid
side while in (4b) the motion is in the opposite direction. In these ex-
periments the values of the deflection modulus Dm were changed by
changing the density difference across the curtain – see (1). Conse-
quently, the error bars reflect the uncertainty in the density difference
during the course of an experiment.
depend on the cylinder travel direction as was discussed
and explained in section 3.1 and figure 2.
In general, the effectiveness E was reduced by the
passage of the cylinder as a result of the increased trans-
port across the doorway in the cylinder wake, qac,cyl > 0,
and, for a given value of Dm, the reduction increased
with increasing cylinder speed (recall from figure 2 that
qac/(ldUc) rises slightly when the air curtain is stable
and, hence, qac increases with Uc). At small values of
the deflection modulus, Dm / 0.15, the air curtain is
inherently unstable and, thus, the motion of the cylin-
der had no noticeable effect on the effectiveness. For
deflection modulus Dm ≈ 0.2 where the effectiveness is
maximum, E was reduced by approximately 10% at the
highest cylinder velocity. At higher values of the deflec-
tion modulus the reduction in E increased with increas-
ing Dm. At Dm > 1 the effectiveness was reduced by
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about 25% compared to the base case for U∗ = 0.22,
and more than 55% for U∗ = 0.43.
Figures 2 and 3 reveal why the influence of a mov-
ing cylinder is more noticeable for high Dm values in
figure 4. In our experiments, we achieve Dm → ∞ by
∆ρ → 0. In that limit, q becomes small (figure 3) but qac
remains constant (figure 2). Invoking (10), the contribu-
tion qac/q increases for an increasing Dm (by reducing
∆ρ), and thus E displays a significant decrease. This
provides a simple explanation of the trend of the E(Dm)
curves in figure 4 specifically for our experimental ar-
rangement in which we increase Dm by reducing ∆ρ. In
the following, we discuss a more general argument for
the case when Dm is increased by, for example, increas-
ing the curtain momentum flux b0u
2
0
.
We shall assume that the geometric configuration of
the doorway and the cylinder is fixed, i.e., the door
height H, the door widthW, the doorway area A = WH,
the cylinder diameter d, the cylinder height l and the air
curtain nozzle width b0, which is a reasonable assump-
tion for any real-case scenario. We also consider only
the regime in which the air curtain stably impinges on
the bottom of the tank. Using (1), (8), and the defini-
tion of the modified deflection modulus for the cylinder
motion introduced in Part I as
Dm,c =
b0u
2
0
U2cH
× H
l
× W
d
=
b0u
2
0
W
U2c ld
(11)
we can re-write the effectiveness E as
E= 1 − qac
q
= 1 − 3
Cd
· qac
W
√
H
√
g′H2
= 1 − 3
Cd
· qac
W
√
H
√
b0u
2
0
√
Dm
= 1 − 3
Cd
· qac
√
W
W
√
H
√
ldU2c
√
Dm√
Dm,c
= 1 − Γ · qac
AUc
√
Dm√
Dm,c
, (12)
where Γ = 3/Cd ·
√
WH/
√
ld includes the parameters
for the fixed doorway and cylinder geometry. By further
observing
U∗ =
Uc
wm
∼ Uc
u0
∼ 1√
Dm,c
, (13)
so U∗ = C1/
√
Dm for some constantC1, we can deduce
E= 1 −C2 ·
qac
Uc
√
DmU
∗
≈ 1 −C2C ·
√
DmU
∗, (14)
where C2 = C1Γ. By going to the last line in (14) we
make an empirical argument that qac/Uc ≈ C is not ex-
pected to undergo significant variations for the range of
Uc of practical interest. This was demonstrated experi-
mentally in figures 2.
Taking the derivative for a constant
√
Dm
∂E
∂U∗
∣∣∣∣∣√
Dm
≈ −C2C ·
√
Dm (15)
shows that the decrease in E as the consequence of a
moving cylinder with speed U∗ is more pronounced for
large values of Dm. This explains the observed changes
in E in figure 4.
3.4. Infiltration flux qac,cyl due to the cylinder wake and
relationship between the experiments in Part I and
Part II
In section 3.1 we noted that qac is independent of the
density difference across the air curtain. In particular,
this implies that also qac,cyl is expected to be indepen-
dent of ∆ρ. In this section we show how qac,cyl can be
extracted from our experiments and establish a connec-
tion between the experiments in Part I and the experi-
ments presented here in Part II.
Following the procedure for experiments in Part I
(∆ρ = 0), we conduct one experiment with just an op-
erating air curtain (Q0 = 480mm
2 s−1) and no mov-
ing cylinder, U∗ = 0. In this particular experiment,
we have qac,m = qac since the whole exchange flux be-
tween two halves of the tank is only due to the mix-
ing by the air curtain. We interpolate the measured data
for qac for Q0 = 480mm
2 s−1 in experiments in Part I
(experiments E11, E12, E13, E14, E15) to obtain the
interpolated values for qac for U
∗ = 0.22, 0.34, 0.44
(Q0 = 338mm
2 s−1). We can now estimate
qac,cyl
∣∣∣
U∗>0
≈ qac
∣∣∣
U∗>0
− qac,m
∣∣∣
U∗=0
. (16)
Subsequently, we use these qac,cyl values to calculate the
corrected effectiveness values for experiments here in
Part II for U∗ = 0.22, 0.34, 0.44 as
En = 1 −
qac,m + qac,cyl
q
+
qac,cyl
q
= E +
qac,cyl
q
, (17)
where E are the effectiveness values presented in figure
4a. The corrected data En(Dm) are presented in figure
7
5. We recognise that when the effectiveness E corrected
by qac,cyl (constant for each U
∗), all the En(Dm) curves
collapse within the experimental error onto the effec-
tiveness curve E(Dm) for U
∗ = 0 (i.e., when there is no
moving cylinder). This confirms that there is no strong
nonlinear interaction between the wake and the gravity
current.
Dm
E n
0 0.2 0.4 0.6 0.8 1 1.2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
U* = 0
U* = 0.22
U* = 0.34
U* = 0.43
Figure 5: Corrected effectiveness curves En(Dm) of an air curtain for
different dimensionless cylinder speeds U∗ as calculated using (17).
The corrected effectiveness curves collapse onto the air curtain effec-
tiveness curve for U∗ = 0, i.e., the case with no moving cylinder.
3.5. Dye visualisation and the air curtain re-
establishment process
We now present the dye visualisations and use them
to gain further insight into the flux and effectiveness
measurements. Flow visualisation was conducted for
three different cylinder speeds and for four different de-
flection modulus values. The infiltration flux qac and the
infiltration volume Vi do not depend significantly on the
horizontal density difference ∆ρ (figure 2). Likewise,
the direction of travel does not seem to affect the infil-
tration flux (figures 2 and 4), so we only present the re-
sults for the cylinder moving from the dense to the light
fluid side of the tank.
Side views of the passage of the cylinder (left to right,
marked by the arrow in figure 6(b)) are shown in figure
6. The cylinder was set into motion 0.5m away from
the air curtain which was not influenced by the cylin-
der at that distance as can be seen in figure 6(a). As the
cylinder approached the air curtain, there was a small
deflection of the air curtain in the direction of motion
of the cylinder. However, the major disruption occurred
as the cylinder passed below the air curtain as shown
in figure 6(b). Immediately after the cylinder passed
through the air curtain, the infiltration of dense (red)
fluid into the light fluid side took place during the pe-
riod of re-establishment of the curtain. At later times,
the air curtain re-established by penetrating the wake as
seen in figure 6(c). Figure 6(d) illustrates the moment
when the air curtain was first re-established. A colour
movie ‘Movie1’ showing the complete infiltration pro-
cess can be found in the supplementary material.
Plan views of the interaction for the same parame-
ter values are shown in figure 7. As was explained in
Part I, the cylinder possesses a base with a larger di-
ameter, which obscures the view immediately adjacent
to the cylinder. The wake width increases with the dis-
tance from the cylinder, so that the span-wise width of
the infiltration increased with time. In this case the air
curtain is re-established (figure 7(b)) after the cylinder
has traveled about 5 cylinder diameters beyond the air
curtain.
Figure 8 shows the disruption and the re-
establishment of the air curtain for different cylinder
speeds and values of the deflection modulus. These
snapshots show the infiltration when the curtain is first
re-established. For a given value of the deflection mod-
ulus Dm, the amount of the red dyed fluid on the right
hand side of the air curtain increases with increasing
cylinder speed. This is in line with the experimentally
observed slight increase in the infiltration volume Vi/Vs
in figure 2 for a fixed ∆ρ (corresponding to a fixed Dm).
However, there is no noticeable influence of the deflec-
tion modulus value, which in the present case is varied
by changing ∆ρ, for a fixed U∗. This is to be expected
since as shown in figure 2, the infiltration volume flux
Vi/Vs = qac/(ldUc) does not vary significantly with
g′, and hence ∆ρ, for a range of values. We stress,
however, that a constant qac (with ∆ρ) does not imply a
constant E, so E will still vary with Dm.
The re-establishment of the air curtain after its dis-
ruption determines the total amount of the infiltration by
the wake. The dimensionless vertical penetration height
z/H of the jet, measured upwards from the tank bottom
z/H = 0 so that the jet nozzle is at z/H = 1, is plot-
ted as a function of time for different cylinder speeds in
figure 9a. The measurement for the case U∗ = 0 was
carried out in the fresh water environment without any
density difference. This is also the measurement from
which we determine t fw. For the other cylinder speeds,
we fixed Dm = 0.5. Here, we also briefly present the air
curtain re-establishment time for U∗ = 0.44 from the
PIV measurements reported in Part I to compare it with
the front tracking using dye visualisation in figure 9a.
We recall that the PIV experiment was conducted in
the absence of any buoyancy effects for ∆ρ = 0. For
PIV, we track the curtain front at 100 f.p.s., taking every
fourth frame from the PIV recordings, whereas the front
tracking from the dye visualisation is done at 24 f.p.s.
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Figure 6: Side views of the interaction between the cylinder and the curtain for U∗ = 0.44 and Dm = 0.5. The cylinder is moving from the dense
to the light fluid side (from left to right as marked in (b)). The blue-dyed curtain jet separates the dense and the light fluid in (a) and the red dye
visualises the cylinder wake and the infiltration. The infiltration across the curtain and the re-establishment process is shown in (c). The curtain is
re-established in (d).
Figure 7: Plan views of the interaction between the cylinder and the air curtain for the same parameters as in figure 6, U∗ = 0.44 and Dm = 0.5.
The wake expands away from the cylinder and thus the spanwise infiltration across the curtain increases with time. The curtain is re-established in
(b). The marked dimensions are in cylinder diameters.
In the PIV experiment, the visible bump in the mea-
sured curve is due to the presence of a strong eddy near
the curtain front. Apart from that, it is very similar to
the dye tracking, which includes the presence of buoy-
ancy. This again confirms that the presence of a hori-
zontal density difference∆ρ does not significantly affect
the curtain interaction with the cylinder wake. The total
time required for the curtain to re-establish is plotted in
figure 9b. The increasing re-establishment time of the
air curtain with the increasing cylinder speed is in line
with the measured decrease in its effectiveness.
4. Summary and conclusions
We have examined the effect of a cylindrical object,
representing a human, passing through the air curtain
dividing two zones at different densities or temperatures
in a corridor. The cylinder was travelling between two
fixed points before and after the air curtain at differ-
ent speedsUc. Small-scale laboratory experiments were
conducted using fresh water and salt solutions, to pro-
duce flows dynamically similar to real-scale air curtain
installations.
We observed that the infiltration volume Vi increases
with the cylinder speed but is independent of the density
(temperature) difference across the doorway. Moreover,
the travel direction of the cylinder does not matter and
we measured the same values both when the cylinder
was moving from the dense fluid side to the light fluid
side and vice versa. We explained this by noting that the
cylinder wake is a turbulent flow field which disrupts the
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Figure 8: Side views of the cylinder wake and the resulting infiltration when the curtain is first re-established for a range of cylinder speeds and
deflection moduli. The cylinder is moving from the dense to the light fluid side and from left to right in the figure as marked by the white arrow.
directed organised buoyancy-driven exchange flow. As
a consequence, the infiltration flux qac was also found
to be independent of ∆ρ.
After measuring qac, we calculated the effectiveness
E(Dm) curve of the air curtain with and without the pas-
sage of the cylinder, and observed that the effectiveness
E(Dm) reduces with increasing cylinder speed U
∗ for a
fixed Dm. In the absence of traffic, we observed that
the air curtain can reduce the contaminant transport by
up to about 80% with a stable air curtain, while further
increase in the curtain momentum reduces its sealing
effectiveness.
At a fixed deflection modulus Dm, the reduction in E
for an increasing U∗ can be explained by an increasing
infiltration volumeVi due to the disruption of the curtain
by the cylinder and the ingress of the cylinder wake.
In particular, the infiltration flux qac is independent of
the horizontal density difference ∆ρ across the doorway,
which suggested that there is no strong interaction be-
tween the cylinder wake and the gravity-drivenflow. We
provided a theoretical argument to explain why the re-
duction in E is more significant at high values of Dm.
The cylinder disrupts the curtain and visualisations of
the jet and the cylinder wake show the infiltration of the
fluid carried along with the cylinder wake underneath
the unestablished jet is the reason for the observed re-
duction in the effectiveness. With an increasing cylin-
der speed, the entrainment in the cylinder wake also in-
creases due to the faster wake velocity which induces a
longer time for the re-establishment of the curtain.
We emphasize here that the dimensionless numbers
in our experiments were in the same range as for real-
scale processes. We varied the deflection modulus Dm
from 0 to 1, which is usually the regime achieved by
real air curtains [4, 5]. For a person with l = 1.7m and
d = 0.5m moving at Uc = 1m s
−1, through a doorway
of height H = 2m and width W = 1m and an air cur-
tain discharged from b0 = 0.01m and a varying outlet
velocity u0 = 1 − 10m s−1, the Dm,c value varies in the
range 0.01 and 1.1.
The effect of human passage on the contaminant
transport is important in the design and the operation
of clean rooms in chemical or pharmaceutical industries
and in protecting isolated hospital rooms for infectious
and immunocompromised patients from infiltration of
air-borne contamination. Our study shows that the hu-
man or vehicular traffic reduces the effectiveness. To
minimize the air curtain disruption, we suggest a slow-
ing down of the traffic just before the air curtain and then
the passage across the air curtain with a much reduced
velocity. Also, a higher safety factor on Dm will result in
a higher jet velocity, which will help in re-establishing
the curtain faster and hence result in a lesser entrain-
ment.
Finally, while the geometry of the channel is directly
related to a corridor in a building, as we noted in
section 3.3, the similarity between the effectiveness
as a function of the deflection modulus between these
experiments and those conducted in a doorway between
two spaces without confining side walls [4] suggests
that the exchange is dominated by processes occurring
in the immediate vicinity of the doorway, and the
geometry of the spaces in either side of the doorway are
of secondary importance. Thus we expect our results
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(a) Re-establishment of the curtain as a function of time after the cylinder passage. The front of the curtain is tracked and the time
t = 0 corresponds to the time when the jet front is at the height of the top of the cylinder, which is 0.15H from the nozzle exit. The
evolution of the jet is shown for Dm = 0.5, q0 = 425mm
2 s−1 and for different cylinder speeds U∗ = 0.3, 0.44, 0.52.
(b) Time taken for the curtain to reach the bottom of the tank for the same experimental parameters as in figure 9a. Here, the time
is non-dimensionalised by the time t f w taken for the curtain to reach the tank bottom from the cylinder head in a quiescent fresh
water environment.
Figure 9: The curtain re-establishment characteristics for different cylinder speeds. Lines are shown to describe the trends of the data and also to
demarcate among different conditions.
to hold for a doorway between two rooms or between a
room and an unbounded exterior, as is often the case in
practice.
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Appendix A. Discharge coefficient
We conducted a separate series of experiments to
measure the gravity-driven exchange flow through the
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Figure A.10: Plot of the non-dimensionalised infiltration volume
Vi (AH)
−1 as a function of the non-dimensional time t
√
g′H−1/3 for
rectangular channel. Slope of the curve is the discharge co-efficient
Cd , which is 0.55±0.03.
Figure A.11: Plot of the non-dimensional volume non-
dimensionalised infiltration volume Vi (AH)
−1 as a function of
the non-dimensional time t
√
g′H−1/3 for a sharp-edged opening.
Slope of the curve is the discharge co-efficient Cd , which is
0.59±0.02.
unprotected doorway, i.e., without an operating air cur-
tain and to determine the value for the discharge coeffi-
cient Cd for (8). The flux through the doorway through
an unprotected doorway is proportional to the velocity
scale
√
g′H and the area of the opening A by scaling
arguments. We opted to represent the proportionality
factor as Cd/3 (in line with a formula typically used
for sharp-edged openings given in (8)) and experimen-
tally measured Cd. The proposed model with the mea-
sured value of Cd describes the observed flow rate very
well. Figure A.10 shows the non-dimensional flow rate
Vi (AH)
−1 as a function of the non-dimensional time
t
√
g′H−1/3 as measured in our experimental setup. The
slope of the fitted linear curve is 0.55±0.03, which is the
discharge co-efficientCd. The discharge co-efficient for
the sharp opening is also measured, which is 0.59±0.02
as shown in figure A.11 and is very close to previously
reported value of 0.6.
Appendix B. Supplementary materials
Video caption for supplementary video 1
(Movie1.avi): Temporal evolution of the side view
of the interaction between the air curtain (blue dye)
and the cylinder wake (red dye) for U∗ = 0.44 and
Dm = 0.5. The cylinder is moving from the dense to the
light fluid side. The video is played at 4.8 times slower
than the real speed.
References
[1] J. J. Costa, L. A. Oliveira, and M. C. G. Silva. Energy savings by
aerodynamic sealing with a downward-blowing plane air curtain
- a numerical approach. Energy and Buildings, 38:1182–1193,
2006.
[2] A. M. Foster, M. J. Swain, R. Barrett, P. D. D’Agaro, and S. J.
James. Effectiveness and optimum jet velocity for a plane jet
air curtain used to restrict cold room infiltration. International
Journal of Refrigeration, 29:692–699, 2006.
[3] Alan M Foster. Cfd optimization of air movement through door-
ways in refrigerated rooms. In Computational Fluid Dynamics
in Food Processing, pages 167–193. CRC Press, 2007.
[4] D. Frank and P. F. Linden. The effectiveness of an air curtain in
the doorway of a ventilated building. Journal of Fluid Mechan-
ics, 756:130–164, October 2014.
[5] D Frank and PF Linden. The effects of an opposing buoyancy
force on the performance of an air curtain in the doorway of a
building. Energy and Buildings, 96:20–29, 2015.
[6] H. Gira´ldez, C. D. Pe´rez Segarra, I. Rodriguez, and A. Oliva.
Improved semi-analytical method for air curtains prediction.
Energy and Buildings, 66:258–266, 2013.
[7] J. C. Gonc¸alves, J. J. Costa, A. R. Figueiredo, and A. M. G.
Lopes. CFD modelling of aerodynamic sealing by vertical and
horizontal air curtains. Energy and Buildings, 52:153–160,
2012.
[8] L. Guyonnaud, C. Solliec, M. Dufresne de Virel, and C. Rey.
Design of air curtains used for air confinement in tunnels. Ex-
periments in Fluids, 28:377–384, 2000.
[9] M Havet, O Rouaud, and C Solliec. Experimental investigations
of an air curtain device subjected to external perturbations. In-
ternational journal of heat and fluid flow, 24(6):928–930, 2003.
[10] F. C. Hayes and W. F. Stoecker. Heat transfer characteristics of
the air curtain. Transactions of the ASHRAE, 75 (2):153–167,
1969.
[11] F. C. Hayes and W. F. Stoecker. Design data for air curtains.
Transactions of the ASHRAE, 75:168–180, 1969.
[12] R. H. Howell and M. Shibata. Optimum heat transfer through
turbulent recirculated plane air curtains. Transactions of the
ASHRAE, 2567:188–200, 1980.
[13] NK Jha, D Frank, and PF Linden. Contaminant transport by
human passage through an air curtain separating two sections of
a corridor: Part i - uniform ambient temperature. Energy and
Buildings, 2020.
[14] Adelya Khayrullina, Twan van Hooff, Bert Blocken, and GJF
van Heijst. Piv measurements of isothermal plane turbulent im-
pinging jets at moderate reynolds numbers. Experiments in Flu-
ids, 58(4):31, 2017.
12
[15] Paul F Linden. The fluid mechanics of natural ventilation. An-
nual review of fluid mechanics, 31(1):201–238, 1999.
[16] Dahai Qi, Sherif Goubran, Liangzhu Leon Wang, and Radu
Zmeureanu. Parametric study of air curtain door aerodynamics
performance based on experiments and numerical simulations.
Building and Environment, 129:65–73, 2018.
[17] Nallamuthu Rajaratnam. Turbulent jets, volume 5. Elsevier,
1976.
[18] Olivier Rouaud and Michel Havet. Behavior of an air curtain
subjected to transversal pressure variations. Journal of environ-
mental engineering, 132(2):263–270, 2006.
[19] K. Sire´n. Technical dimensioning of a vertically upwards blow-
ing air curtain - part i. Energy and Buildings, 35:681–695, 2003.
[20] K. Sire´n. Technical dimensioning of a vertically upwards blow-
ing air curtain - part ii. Energy and Buildings, 35:697–705,
2003.
13
